leakage and pulmonary embolism rates in a large prospective monocentric series of pedicle screw augmentations. We hypothesize that the actual leakage rate is higher than the rates that have been reported in the literature.
Methods
All patients treated with augmented pedicle screws between May 2006 and October 2010 were included in the present prospective study. Perivertebral cement leakage was evaluated with a CT scan of the area of operation performed within 72 hours postoperatively and was categorized according to the classification of Yeom et al. 54 Their study clearly pointed out the superiority of a CT scan compared with a radiograph to evaluate cement leakage after vertebroplasty. Yeom and coauthors demonstrated that use of only anteroposterior and lateral radiographs failed to identify the whole amount of cement leakage related to the spinal canal or neural foramina, respectively. The evaluation for pulmonary cement embolism was done with an anterior-posterior radiograph of the chest obtained within 24 hours postoperatively. Even if the patients did not complain of pulmonary problems, cement distribution to the thorax was assessed. All radiological reports were done by an experienced radiologist (K.M.). Additionally, perioperative data were recorded, including the number of vertebrae treated, operative complications, blood loss, and duration of the operation (from incision to closure). Perioperative pain was evaluated with a visual analog scale. 15 Neurological deficits were classified with the American Spinal Injury Association (ASIA) Impairment Scale. Results are given in absolute numbers and percentages. The study was approved by the local ethics committee.
Operative technique
All operations were performed under general anesthesia. Patients were in a prone position on a carbon plate due to the need for an intraoperative 3D scan (Siremobil  ISO-C   3D , Siemens AG, Medical Solutions). All procedures were performed using pedicle screws from the Tango System (Ulrich GmbH & Co. KG) and polymethylmethacrylate (PMMA) cement. The screw is fully cannulated with 20 radial holes (hole diameter 1.2 mm) and an inner diameter of 1.68 mm. The radial holes are all within the distal third of the screw. Screw placement was performed according to the technique described by Weinstein et al. 51 The decision for augmentation was made by an experienced surgeon after screw placement according to the mechanical strength of the implanted pedicle screw. After evaluation of correct screw position with the 3D scan and, if required, screw revision, the cement application system was fixed on top of the screw. Under intermittent X-ray fluoroscopy 1.5 ml or 2 ml PMMA per pedicle screw was administered in the thoracic or lumbar spine, respectively. Injection was interrupted if cement leakage was observed. The procedure was continued after curing of the PMMA. PMMA preparation and application was done according to the instructions given by the company. Therefore, the phase duration of mixing powder and liquid was 30 seconds, application device filling was also 30 seconds, and the waiting period of 300 seconds had to be maintained before use of the cement.
Four experienced spine surgeons performed the operations. The technique does not require a steep learning curve.
results cement leakage and Pulmonary embolism rate
In the study period, pedicle screw augmentation was performed in 98 patients. A total of 474 augmented screws were inserted in 237 vertebrae. For the evaluation of cement leakage rates, 4 patients (4.1%), 8 vertebrae (3.4%), and 16 screws (3.4%) had to be excluded due to missing postoperative CT scans. For the evaluation of pulmonary embolism, all patients were eligible. No symptomatic perivertebral cement leakage or a symptomatic pulmonary cement embolism was observed. However, asymptomatic perivertebral cement leakage was seen in 88 patients (93.6%) and in 165 augmented vertebrae (73.3%). With respect to the classification of perivertebral cement leakage according to Yeom at al., 54 leakage was seen through the segmental veins, basivertebral vein, and fracture gaps in the vertebral body in 139 (61.8%), 93 (41.3%), and 26 (11.6%) of vertebrae, respectively (Table 1) . Leakage from a single site was seen in 85 vertebrae (37.8%), and a combination of 2 or 3 leakage sites per vertebra was seen in 75 (33.3%) and 5 (2.2%) vertebral bodies, respectively. No influence of the underlying pathology on the cement leakage rate was observed. Clinically asymptomatic pulmonary cement embolism was found in 4 patients (4.1%)-1 with an osteoporotic fracture, 1 with degenerative instability and 2 with pathological fractures (Table 1) . No pulmonary embolism or perivertebral cement leakage required further treatment. Representative images demonstrating perivertebral cement leakage and pulmonary cement embolism are shown ( Figs. 1 and 2 ).
Patient characteristics
The indications for pedicle screw augmentation were . There was no deterioration in the ASIA motor score in any patient, and an improvement of 1 or 2 levels was seen in 10 (10.2%) and 1 (1%) of the patients, respectively. The mean visual analog scale (VAS) score improved from 7.4 points at admission to 3.4 points at discharge. Detailed patient characteristics are shown in Table 2 .
Perioperative complications
No clinical complication due to uncontrolled cement leakage in the spinal canal or cement-induced pulmonary embolism was observed. In 5 patients (5.1%), cement application was stopped before the target volume was reached due to obvious cement leakage under fluoroscopy control. Intraoperative screw revision due to medial or lateral pedicle perforation occurred in 17 patients (17.3%) and 19 screws (4%), respectively. In 3 patients (3.1%), intraoperative CSF leakage due to screw-related dura mater injury was observed; in all 3 cases, the defect was repaired with allogenic plastic reconstruction. In 2 patients (2%), a cement-related blockade of the screw locking mechanism occurred. However, the screws were replaced with screws of the same caliber without problems. Major bleeding with more than 1000 ml blood loss was observed in 9 patients (9.2%), of whom 7 patients had pathological fractures, 1 patient had an osteoporotic fracture, and 1 patient was undergoing multilevel instrumentation placement. In the postoperative course, 2 patients (2%) suffered from aseptic epifascial seroma. Secondary wound closure could be achieved after repetitive taps and treatment with continuous vacuum therapy.
Discussion

Summary of Key results
The present series of PMMA-augmented pedicle screw placement in 98 patients reveals perivertebral cement leakage in 73.3% of analyzed vertebral bodies and asymptomatic pulmonary embolism in 4% of evaluated patients. Cement leakage most often occurred in the perivertebral venous system, including the epidural veins via basivertebral vein. However, no deterioration was seen in the postoperative ASIA impairment scale scores, and no operative cement removal was required. 
limitations
Although the present study reveals solid data in a prospective design, some limitations need to be addressed. First, the herein-investigated cement augmentation via cannulated screws is not the only pedicle screw augmentation technique. Cement can be applied in vertebroplasty or kyphoplasty prior to screw insertion, 4, 27 but in these instances, it is applied with less application pressure, and the results of the present study should not be used for extrapolation. Second, there are numerous different pedicle screw types, varying in core diameter and size and number and location of radial holes. 42 The screw used in the present study has about 20 radial holes in its distal third (hole diameter 1.2 mm) and has a core diameter of 1.68 mm. High cement application pressure as well as low cement viscosity are directly related to an increased cement leakage rate. 27 According to the law of Hagen-Poiseuille, lower application pressure and applicability of cement with a higher viscosity could be achieved by enlargement of both radial holes and core diameter. Additionally, cement leakage occurs most frequently in the most proximal radial holes. 12 Screw design, therefore, might have an impact on cement leakage rates, and results of the present study cannot be extrapolated to all screw designs. However, previous studies 12, 31 with rates of cement leakage varying between 13% and 17% were based on the use of different cannulated screws with fewer distal fenestrations than the screws used in our study. Third, the pulmonary embolism rate of 4% in the present series might be an underestimate due to the low sensitivity of radiographs for detecting it. 41 However, there is no indication for CT scans of the lung in asymptomatic patients.
cement leakage in Pedicle Screw augmentation is an Underestimated Problem
Cement leakage during pedicle screw augmentation is a well-known problem. However, reported leakage rates of 0%, 3 
5.4%
35 or 14% 10 differ greatly from our results. Unfortunately, published data on leakage rates in pedicle screw augmentation with a study group of a size similar to ours are rare. The cement application, however, is comparable to its use in vertebroplasty and kyphoplasty, 49 and leakage rates might be comparable too. Cement leakage rates in vertebroplasty and kyphoplasty are reported to be between 19.3% 47 and 80%, 46 but they are usually above 40%. 9, 22, 24, 32, 36, 44, 48, 49 The reason for high leakage rates in cadaver models might be the missing venous counter-pressure, 6 but this does not explain high leakage rates during surgery. The amount of applied cement in the literature varies between 1.8 ml and 2.9 ml per screw, 18, 35 which is comparable to the amount used in the present study. Biomechanical capacity would not increase after raising the application above 2.8 ml per screw. 19 Furthermore, there is a positive correlation between the applied cement volume and the likelihood of cement leakage. 2, 45 The cement volume should be kept to the smallest volume needed and should not exceed 2.8 ml per pedicle screw. 17 High application pressure, liquidity of the cement, and special anatomical features of the perivertebral venous system are conducive to cement leakage.
the Perivertebral Venous System Fosters cement leakage
Leakage reported in the present study occurred mostly via segmental veins and basivertebral veins, which is in agreement with data from the literature. 11 Most cement leakage during pedicle screw augmentation is along the perivertebral venous system. 11, 19, 54 The reduced pressure of the venous system compared with the pressure of the spongiosa that it surrounds and missing venous valves in the internal and external anterior venous plexus are a reasonable explanation. 21 The position of the cement in the vertebral body might have a major impact on the leakage rate, since Kaso et al. demonstrated an enhanced cement leakage in the spinal canal via basivertebral vein in a medial needle position under vertebroplasty compared with a lateral position. 28 With respect to these data, a lateral screw positioning could prevent dangerous cement leakage in the spinal canal. This technique, however, first described by Roy-Camille et al., 40 leads to an enhanced violation rate of the upper facet joints compared with the method of Weinstein et al., which is used in our department.
14,51,52
Symptomatic leakage is rare
Cement leakage may cause neurological deficits in single cases. 26 However, in the present series there was none of the symptomatic cement leakage reported in other studies. 11, 19, 25, 46 The rate of cement-associated lung embolism was 4% in the present study. However, as in most cases, it was clinically asymptomatic. 1, 29, 38, 39 Due to the low sensitivity of conventional chest radiographs compared with CT scans, a much higher asymptomatic embolism rate must be assumed. 30 Studies of the rate of pulmonary embolism after percutaneous vertebroplasty have reported substantially different rates depending on the detection modality, with radiographs yielding a rate of 6.8%16 and CT yielding a rate of 23%. 13 Treatment of pulmonary cement embolism is recommended in symptomatic but not asymptomatic cases. The treatment algorithm should follow the guidelines for treatment of thrombotic pulmonary embolism. 33 Revision of cement-augmented pedicle screws can be done without hesitation, since it was practicable in the present study as well as in reports from the literature. 5, 7 has the last word Been Said in cement augmentation?
Cement leakage occurs frequently in pedicle screw augmentation, but it is clinically asymptomatic in most cases. Nevertheless, it is questionable to continue with a basically harmful procedure without making attempts at improvement. For instance, the indications for cement augmentation might be made more objective. Intraoperative, pre-augmentation measurement of bone density could be useful. 37 Intraoperative osseous phlebography after screw insertion and prior to cement augmentation might be helpful to avoid cement leakage in larger vertebral veins;
2 however, phlebography is itself associated with risks, including the risk of pedicle rupture, in addition to increasing the overall duration of the operation. Careful injection of cement under continuous fluoroscopy and using the proper amount of cement might be more beneficial. New screw designs involving a cannulated screw with radial holes but a closed tip may reduce anterior leakage, 20 but anterior leakage does not play a major role. One major problem associated with PMMA is injury to neural tissue. In addition to direct injury due to mechanical irritation, thermal injury can result from the exothermic polymerization process. For this reason cements have been developed that do not generate heat during the hardening process. 50 Bicortical anchoring of pedicle screws enhances the pullout strength in the same fashion as cement augmentation while increasing the risk of vascular or visceral injuries. However, risk for vascular injuries might be minimal in the sacral region. Therefore, cement augmentation in the thoracic and lumbar spine and bicortical screw anchoring without augmentation in the sacral spine might be a possible strategy. 10 Encouraging results are reported for the use of expandable pedicle screws, which have the same biomechanical properties in osteoporotic bone without the risk of cement leakage. 13, 34, 53 conclusions Perivertebral cement leakage often occurs in pedicle screw augmentation (73.3%) but is usually clinically asymptomatic. Cement augmentation should be performed under continuous fluoroscopy to avoid high-volume leak-age. The indication for augmentation should be defined with consideration of risks and benefits for the patient. Alternative strategies such as expandable screws should be examined in more detail in patients at high risk for screw loosening. Standard postoperative CT scans of the operation site or the chest may be avoided as long as there is no symptomatic complication. In this way, radiation burden and costs can be lowered.
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